When counterphase spatio-temporal flicker is presented to the left and right eye continuous directional motion can be perceived. Here, we investigate whether this type of dichoptic motion can be observed at different depth planes. Four observers indicated direction of motion for dichoptic motion stimuli, presented in a context containing crossed and uncrossed disparity information in different conditions. Our results show that despite the presence of disparity cues in the stimulus, discrimination of motion direction remained maximal at interocular phase offsets that correspond to binocular motion perception at zero disparity. This constraint brings into question perception of dichoptic motion as the result of an early binocular motion system. We compared our results with predictions of a computational stereo-motion model [Qian, N. (1994) . Computing stereo disparity and motion with known binocular cell properties. Neural Computations, 6, 390-404; Qian, N., & Andersen, R. A. (1997) . A physiological model for motion-stereo integration and a unified explanation of Pulfrich-like phenomena. Vision Research, 37, 1683Research, 37, -1698. In contrast to our empirical results, simulations of cell activation in this hybrid energy model predict maximal activation at non-zero disparities. It is concluded that perception of dichoptic motion is a by-product of early interocular combination at low contrasts rather than the result of a dedicated stereo-motion system.
Introduction
The existence of an early binocular motion system is an unresolved issue in motion perception. Shadlen and Carney (1986) described a dichoptic stimulus that can elicit the perception of continuous directional motion, even though the flickering images in each eye are non-directional. The stimuli projected into the left and right eye were counterphase flickering sine-wave gratings, shifted by 90 deg phase in space and time between the two eyes. Simple binocular summation of these two sinusoidally flickering gratings results in a sine-wave grating drifting to the left or right depending on the direction of the counterphase shift. Dichoptic motion usually appears faint and flickery but observers are able to discriminate between opposite motion directions under specific experimental conditions. Some characteristics of dichoptic motion perception using stimuli in spatio-temporal quadrature are consistent with an early motion system that is capable of binocular integration (Carney & Shadlen, 1992; Shadlen & Carney, 1986) . Further psychophysical evidence in favour of a binocular motion system was provided in terms of a motion after-effect induced by dichoptic motion (Carney & Shadlen, 1993 ) and dichoptic motion from isoluminant gratings (Carney, Shadlen, & Switkes, 1987) .
On the other hand, it has been argued that the perception of dichoptic motion does not necessarily imply early binocular motion integration. There is the possibility that in some psychophysical discrimination tasks a ''longrange'' or ''feature-tracking'' mechanism may be used to determine direction of motion (Braddick, 1974 (Braddick, , 1980 . Shackleton (1989, 1992) gratings with missing fundamentals to investigate dichoptic motion perception and concluded from the perceived motion direction that feature tracking must be the source of dichoptic motion. Lu and Sperling (1995) designed dichoptic test stimuli with a high-contrast pedestal so that a feature-tracking mechanism would have difficulties to determine direction of motion. The test pattern was a pair of flickering sine-wave gratings in spatio-temporal quadrature superimposed on a static sine-wave grating serving as a pedestal. When the test patterns were presented dichoptically, in the absence of a pedestal, the perceived direction of motion could be based on tracking features over time, such as luminance peaks and troughs. However, when a highcontrast pedestal grating of the same spatial frequency was added to each of the monocular flickering images, the stimulus features no longer provided a consistent cue for direction of motion. Lu and Sperling (1995) showed that this type of dichoptic motion failed the pedestal test for short presentation times. Their initial findings were refuted by Carney (1997) who demonstrated that observers were capable of detecting dichoptic motion above chance level when contrast of the pedestal grating was several times the contrast of the flickering test grating for flicker frequencies up to 32 Hz. On each trial however, observers viewed the stimulus for 2 s and received feedback. On the basis of these results Lu and Sperling (2001) concluded that this type of dichoptic motion is accomplished by interocular first-order motion computation rather than binocular feature tracking.
In summary, dichoptic motion perception remains a debated phenomenon. While the physiological underpinnings have not been agreed upon, a number of perceptual characteristics have been established. Dichoptic motion is typically perceived at low contrasts (5-10%), low flicker frequencies (2-8 Hz) and low spatial frequencies (0.5-4 c/ deg) at the centre of the visual field.
Previous studies have focussed on the existence of dichoptic motion perception. An important question to be addressed relates to the potential benefit of an early binocular motion mechanism. We argue that if an early binocular motion system exists, it may serve the important biological purpose of detecting motion at different depths-at least within Panum's fusional area. Recent physiological evidence in cat and monkey suggests the existence of early binocular motion detectors that can extract disparity and motion information (e.g., Anzai, Ohzawa, & Freeman, 2001; Pack, Born, & Livingstone, 2003) but the significance of these findings has been questioned for disparity-selective neurons in V1 of alert monkey (Read & Cumming, 2005) .
A binocular motion system that operates at fixation depth only appears incomplete because it does not exploit disparity between the left and right eye. There seems to be no immediate biological or evolutionary advantage for an early binocular motion system that encodes motion at fixation depth but is unable to detect motion at different depths.
Experiment
In the following, we investigate whether dichoptic motion can be perceived for crossed and uncrossed disparities. In a psychophysical experiment we establish how well direction of dichoptically presented motion can be discriminated at different depth planes. Comparable discrimination performance for different depths would imply an early mechanism of binocular stereo-motion motion integration. These empirical results are contrasted with simulation results from a computational model of stereo-motion integration as an example of an early binocular motion system.
If interocular spatial phase difference between sine-wave gratings flickering in the left and right eye is systematically varied then we can observe proportions of ''Left Motion'' and ''Right Motion'' responses. By plotting interocular phase difference against proportion of ''Right Motion'' responses for example, it is possible to determine the interocular phase difference at which perception of a motion direction is maximal (Max) and ambiguous (point of subjective equality; PSE).
Please note that in the following spatial interocular phase difference is expressed in relation to different disparities rather than the fixation plane. Thus, if performance is maximal at an interocular phase difference of 90 deg with PSEs positioned at 0 deg (180 deg) for a given disparity then such a performance would indicate that an early binocular motion system integrates counterphase flicker at a specific depth to perceive lateral dichoptic motion. If, however, maximal performance and PSEs are systematically displaced by an amount that corresponds to the disparity in the stimulus then the motion system appears to integrate interocular counterphase flicker at depth of fixation only.
Methods

Stimuli
We created dichoptic motion stimuli using stationary flickering sine-wave gratings within a circular aperture. The circular aperture had a diameter of 7.2 deg (150 pixels) and was surrounded by a square with a side length of 7.7 deg (160 by 160 pixels). Both circular aperture and surrounding square were assigned to horizontal disparities of ±0, ±8.3, and ±16.6 arcmin in five separate blocks each comprising 240 trials. The gratings inside the aperture were counterphase flickering, vertically oriented sine-wave gratings presented in dichoptic view. The profiles of the left and right carrier can be described as
where x x is the angular spatial frequency measured in radians per degree visual angle (rad/deg) of the carrier with phase offsets of +//2 in the left and À//2 in the right im-age, and x t the angular temporal frequency (rad/s) of the sinusoidal flicker. The spatial components of the left and right image were sine-wave functions with spatial frequency x x /2p = 1.1 cycles per degree visual angle (c/deg) and interocular phase difference D/ = +//2 À (À//2). All stimuli had a mean luminance of L 0 = 34 cd/m 2 with amplitude or Michelson contrast M = (L max À L min )/ (L max + L min ) = 0.1. Gratings were displayed for 208 ms (25 frames) except for Observer M.L. who was trained on the task and required only 167 ms (20 frames). Sine-wave flicker in the left and right eye was always counterphase and flicker frequency remained at x x /2p = 2.0 Hz. With a presentation time of 208 ms (25 frames) at 2 Hz, the flicker in the stimulus extended over less than half a temporal cycle in a rectangular temporal envelope.
If interocular phase difference D/ approaches 90 deg (+p/4 À (Àp/4) = p/2) binocular summation of the flickering stimuli described in Eq. (1) should result in the perception of a sine-wave grating moving to the right ( Fig. 1 ):
We investigated whether binocular summation can lead to motion perception at crossed and uncrossed depths while the observer maintains fixation (see Fig. 2 ). Thereto we systematically varied the horizontal disparity of the circular aperture and the surrounding square in different blocks of trials. In three sessions horizontal disparity of the stimuli was presented within (±0 and ±8.3 arcmin) and outside (±16.6 arcmin) Panum's fusional area. Panum's fusional area was assumed to span approximately ±11 arcmin as reported for DoGs with a spatial frequency of 1.1 c/deg (Schor, Wood, & Ogawa, 1984) .
Interocular phase difference ranged between À90 and +270 deg (Àp/2 and 3p/2) at intervals of 25 deg (p/14). Note that this range of phase differences covers left and right motion direction. Interocular phase difference, and initial spatial and temporal phase of the carrier were randomised across blocks of trials.
Apparatus
The task was programmed in MatLab using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) and run on a Macintosh G4 Dual 500 MHz computer with a 21 in. Sony GDM-F500R cathode-ray tube flat screen monitor. The monitor was calibrated for luminance using a Minolta Chroma Meter CS-100. Stimuli were presented in a split-screen Wheatstone configuration at a viewing distance of 114 cm with a frame rate of 120 Hz. Observers were seated in front of haploscopic mirrors with their head supported by a chin-and headrest. The experimental room was dimly lit by the monitor display only.
Observers
Four observers who had experience in psychophysical tasks took part, two of them (R.G. and P.W.) were naïve as to the objectives of the experiment and two were authors (E.G. and M.L.). All observers had good visual acuity and no stereo deficiencies. Observers E.G., R.G. and P.W. had normal visual acuity and observer M.L. had corrected-tonormal visual acuity.
Procedure
Thresholds for the discrimination of dichoptic motion direction were measured using the method of constant stimuli. Observers judged direction of motion, i.e., left or rightward motion. With five disparity conditions each observer attended five sessions over several days. Each session lasted approximately 20 min and trials were structured as follows: (1) a fixation cross flanked by nonius lines and the surrounding square was presented in stereoscopic view. (2) When the fixation cross was seen in alignment with the nonius lines the participant initiated the first trial by key press. (3) After an interval of 0.5 s flickering sine-wave gratings were presented in dichoptic view in a circular window with surrounding square for 167 or 208 ms (20 or 25 frames). The fixation cross was superimposed onto the stimulus. (5) When the participant responded the next trial commenced with the presentation of the fixation cross and surrounding square followed by another test grating randomly drawn from the set of 15 phase differences. The observer's task was to indicate direction of perceived motion ('Left' or 'Right') by pressing labeled keys on a keyboard. No feedback was given. Sixteen repetitions of 15 phase differences gave a total of 240 trials per condition and observer.
If observers can discriminate motion direction of dichoptic motion on different depth planes then performance should reach a maximum at 90 deg (p/2) interocular phase difference in each disparity condition. If, however, observers perform better at discriminating motion direction of dichoptic motion at fixation depth then psychometric functions fit to data for proportion of 'Right Motion' responses against interocular phase difference should be systematically displaced in correspondence with the horizontal disparity of the stimulus. Horizontal disparity of ±8.3 and ±16.6 arcmin is equivalent to shifts of ±55 and ±110 deg phase angle for a vertical sine-wave grating of 1.1 c/deg. We would therefore predict systematic shifts of functions by approximately ±55 and ±110 deg for respective disparity conditions (Figs. 3A and B) .
Results
All four observers could reliably detect direction of dichoptic motion. Fourth-order polynomials were fitted to the psychophysical data of each observer and disparity condition to establish a good fit over the full range of discrimination performance. Unlike standard psychometric functions the polynomials can account for differences in performance for increasing and decreasing spatial phase offsets in a single function. The quality of the polynomial fit to individual data sets ranged from R 2 = 0.90 to R 2 = 0.99. We computed maximum (Max) and points of subjective equality (PSE) for each polynomial fit. The 95% confidence intervals of each estimate were obtained by bootstrapping and are shown as error bars in Fig. 4 . The results can be compared with the phase shifts as predicted by dichoptic motion perception at fixation depth or different depths (see Table 1 ). The main results are summarised for each observer and disparity condition in Table 2 .
Despite individual differences in the data it appears that all four observers ignored the disparity cues when reporting motion direction. The maxima and PSEs are systematically shifted. As predicted for motion integration at zero disparity the left PSE is shifted from ±0 to around ±55 and ±110 deg interocular phase offset in different disparity conditions. Maxima or peaks in discrimination performance also match the disparity of the circular window and surrounding square in the different disparity conditions.
If dichoptic motion were perceived at different depths performance should peak at 90 deg interocular phase offset irrespective of the disparity of the circular aperture and surrounding square. Instead maxima are located at around 90 ± 55 deg as well as 90 ± 110 deg interocular phase difference in accordance with the horizontal disparity of the circular aperture and surrounding square. With the possible exception of Observer P.W. in the ±8.3 arcmin (±55 deg) condition the polynomial fits are approximately displaced as predicted by binocular integration at zero disparity. Observer P.W. reported occasional fixation on the surrounding square rather than the fixation cross in the ±8.3 arcmin condition and this would explain his reduced shifts.
Discussion
Previous results indicated that the perception of dichoptic motion from sine-wave counterphase flicker occurs within a limited range of spatial and possibly temporal frequencies (Carney & Shadlen, 1993; Derrington & Cox, 1998; Lu & Sperling, 1995) comparable to tuning of motion in depth (Lages, Mamassian, & Graf, 2003; Tyler, 1971) . Dichoptic motion was perceived at low contrast (between 5% and 10% Michelson contrast) and prominently at relatively low spatial (0.5-4 c/deg) and temporal flicker frequencies (0.5-8 Hz; see, however, Carney, 1997). The present study adds another constraint to this phenomenon. It is confined to zero disparity or depth of fixation.
Our stimulus presentation should have facilitated the perception of dichoptic motion at different depths in three ways. First, binocular horizontal disparity between fixation cross and surrounding square served as a depth cue for the motion stimulus. Second, the circular aperture of the stimulus had the same horizontal disparity as the surrounding square. It is known that envelopes or second-order attributes of disparity usually exert a strong effect on perceived depth of a carrier (e.g., McKee, Verghese, & Farell, 2004) . Third, horizontal disparity in the stimulus remained constant over 240 trials.
Although discrimination performance did not always reach a maximum or minimum in conditions with disparity, modulation in performance over spatial phase offsets approximates the predictions of motion perception at zero depth. Lower discrimination performance is probably due to the reduced overlap between left and right image at zero depth when presented at ±8.3 and ±16.6 arcmin disparity.
With presentation times of 167 and 208 ms (20 and 25 frames) we can rule out eye movements because stimulus presentation was relatively short and subjects were instructed to maintain fixation on the fixation cross. Longer presentation times in a training session made the task easier but did not shift dichoptic motion perception away from fixation depth. Pilot studies also showed that with increased presentation time discrimination performance improved. It quickly reached a plateau making it difficult to identify peaks in performance.
In order to obtain a direct measure of perceived depth we asked two of the observers to discriminate depth rather than motion direction in the 0 and ±8.4 arcmin disparity condition only. After each stimulus presentation the +35  +90  +145  +200  PSE  À110  À55  ±0  +55  +110  PSE  +70  +125  +180  +235  +290   Different depth percept  Max  +90  +90  +90  +90  +90  PSE  ±0  ±0  ±0  ±0  +0  PSE  +180  +180  +180  +180  +180 observer had to indicate whether the stimulus appeared in front or behind the fixation cross. Discrimination of depth on the basis of interocular spatial phase offset for counterphase flicker at short presentation times proved to be difficult and gave unreliable results in the zero disparity condition. Although the stimuli are clearly perceived at different depths there appears to be no systematic modulation of responses in correspondence with spatial phase offset (see Fig. 5 ). The modest modulation in the 0 disparity condition may be attributed to the fact that the fixation cross is more readily seen as an occluder when presented together with dichoptic motion at zero depth. These results suggest that depth is detected as a result of disparity in the circular window but independently of dichoptic motion.
We did not use a pedestal in the stimulus and therefore cannot rule out a contribution from a ''feature-tracking'' mechanism (e.g., Scott-Samuel & Georgeson, 1999) . It seems surprising, however, that such a system should be limited to feature tracking at zero depth. Note also that no temporal figure-ground segmentation is attained with dichoptic stimulus presentation (Kandil & Fahle, 2003) .
Simulation
A physiologically plausible computational model for early integration of motion and disparity is the hybrid energy model (Qian, 1994; Qian & Andersen, 1997) , a binocular extension of the motion energy model (Adelson & Bergen, 1985) . Essentially this stereo-motion model simulates activation of simple, binocular and complex cells in V1 by detecting motion energy and disparity energy from the images in the left and right eye. The model can explain a number of motion and depth phenomena such as the Pulfrich effect and motion transparency (Morgan & Fahle, 2000; Qian & Andersen, 1997; Qian, Andersen, & Adelson, 1994a , Qian, Andersen, & Adelson, 1994b ; see also Chen, Wang, & Qian, 2001 for a model with non-causal temporal window). In the following, we tested whether this hybrid motion energy model predicts perception of dichoptic motion at different depths.
Method
The simulation was programmed in MatLab (MathWorks). We defined motion filters with Gaussian spatial and temporal windows and counterphase carriers for each eye using the same parameters as reported in Qian and Andersen (1997) . The carriers matched spatial and temporal frequency and phase offset of the stimulus input. The four monocular motion filters (with counterphase carriers for each eye) were convolved with the left and right eye flicker stimulus over time before adding the left and right cosine and the left and right sine parts together to simulate activation of counterphase binocular simple cells. Model complex cell activity for motion at a given disparity was computed by first squaring then adding the output of the binocular model simple cells. Applying the winner-takesall rule the model complex cell with maximal activation determined detected motion direction and depth (see Appendix A for details).
Results and discussion
In the simulations we monitored maximal activation for opposite motion directions over a range of crossed and uncrossed disparities. In general, maximal activation for dichoptic stimuli was approximately four times lower than for non-flickering motion stimuli. If range of disparities for model cells is limited to ±p/2 then the maximally activated model complex cell matched the interocular phase difference of the stimulus, i.e., the model detected dichoptic motion at corresponding depth planes. If the range was extended to ±p then the model detected not only dichoptic motion at a single depth plane but also dichoptic motion in the opposite direction at depth planes ±p apart (see Table 3 ). These results are not surprising because simple trigonometry tells us that sinusoidal flicker can be understood as the sum of two opponent motions. These motions can be picked up by corresponding motion detectors at different disparities. At any given time only half of the model simple cells are activated by dichoptic motion compared to a flicker-free motion stimulus. Subsequent squaring leads to activation of model complex cells that is four times lower for dichoptic than for standard motion stimuli.
We simulated spatial phase offsets of 0, ±45, and ±90 deg between left and right eye input. For a dichoptic stimulus with 45 deg spatial phase offset, for example, we observed highest activation of model complex cells tuned to left motion at a disparity of Àp/4 and right motion at a disparity of +3p/4. In other words we found that for each interocular phase offset opposite motion detectors at different depths were maximally activated. Thus, in order to establish a single percept the visual system would need to resolve ambiguity of opposite motion at different depths at a given spatial location.
The perceptual experience of dichoptic motion is clearly different from the model predictions in the simulations. Observers did not perceive dichoptic motion at different depths nor ambiguity of motion direction at different depths.
Conclusions
The perception of dichoptic motion from counterphase flickering stimuli appears to be limited to low contrast as well as depth of fixation. This finding suggests that dichoptic motion is not the result of a dedicated early binocular motion system as exemplified by the hybrid energy model. It seems more likely that dichoptic motion is a by-product of early interocular combination of images at low contrasts (Ding & Sperling, 2006; Liu, Tyler, & Schor, 1992) followed by motion energy detection. Although the first-order motion system is mainly monocular it may receive sufficient interocular input so that this type of dichoptic motion can be perceived (Lu & Sperling, 2001) . Perception of binocular motion in depth on the other hand appears to exploit disparity information before integrating over space and time (e.g., Cumming & Parker, 1994; Lages, 2006; . Since dichoptic motion is only perceived at low contrasts and at zero depth independently of disparity input, and since depth is perceived independently of dichoptic motion, we suggest that this phenomenon indicates early interocular input to first-order motion processing but no dedicated binocular stereo-motion system. 2r 2 t ! sinðx x x þ x t t À d=2Þ:
ðA:3Þ
Sine and cosine binocular simple cell responses were computed by convolving the left image with the left filter over The complex cell response is the sum of the squared sine and the squared cosine simple cell response.
cðtÞ ¼ r sin ðtÞ 2 þ r cos ðtÞ 2 :
ðA:5Þ
Maximal model complex cell activity was determined for the four different spatial phase differences in the left and right eye input at 24 different depth planes ranging between Àp/2 and +p/2 (or Àp and +p). The results are shown in Table 3 .
